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ABSTRACT: Free-standing silicon nanoprobes (SiNPs) are critical tools for () Bend Si nanowire intg
intracellular bioelectrical signal recording, while a scalable fabrication of these hanopropes
tiny SiNPs with ab initio geometry designs has not been possible. In this work,
we demonstrate a novel growth shaping of slim Si nanowires (SiNWs) into
SiNPs with sharp tips (curvature radii <300 nm), tunable angles of 30°, 60°,
to 120° and even programmable triangle/circular shapes. A precise growth
integration of orderly single, double, and quadruple SiNPs at prescribed
locations enables convenient electrode connection, transferring and mounting
these tiny tips onto movable arms to serve as long-protruding (over 4—20 B
um) nanoprobes. Mechanical flexibility, resilience, and field-effect sensing
functionality of the SiNPs were systematically testified in liquid nanodroplet N
and cell environments. This highly reliable and economic manufacturing of Selftanding SN o
advanced SiNPs holds a strong potential to boost and open up the market

implementations of a wide range of intracellular sensing, monitoring, and

editing applications.

KEYWORDS: Si nanoprobe, on-demand growth, ab initio design, scalable fabrication

uasi-one-dimensional (1D) silicon nanowires (SINW) such as pick-and-place manipulation and the use of elaborated

are ideal channel materials for the construction of electron beam lithography (EBL)."® The straight SINWs can
highly sensitive field-effect biosensors' > due to their large also be dispersed in solution and flushed over prepatterned
surface-to-volume ratio and the convenient electric readout substrate surface to be captured by convex trenches and forced
scheme of the narrow 1D semiconducting channels. Recently, to bend into U-shape tips,lg Despite of the successful
this benefit has been extended to probe the intracellular demonstrations of SiNP biointerfacing and sensing function-
electric signals in living cells,” where the SINWs need to be alities (Figure 1b),'® achieving a more precise and complex tip
folded into free-standing nanoprobes (NPs), as diagrammed geometry control, with even sharper tips (curvature radius
schematically in Figure la,/ forming pointy tips to touch and <500 nm), are certainly beneficial and desirable. Actually, the

penetrate targeted cells. Compared to the patch-clamp pipet
electrodes, the inserted SiNP tip establishes a highly localized
circuit loop or endocytic pathway that records the intracellular
signals only at the specific cell regions or subcellular structures
without the need for solution exchange.®"" More importantly,

_the r}anoscale SlNP/me@brane contact. leads to mlleal of the SiNPs in terms of the turning angle, tip shape, and
invasiveness, thus holding the potential to establish a

biofriendly high spatiotemporal resolution tool for the mu?tiplex arrangement, as depictec.l in Figure lc, is h%ghly
physiological investigation of neural and cardiac cells, 1215 desirable but has not been accomplished so far. Meanwhile, a

However, folding SINWs into SiNPs of desired geometry is scalable, high-yield, and designable manufacturing of the tiny
not an easy task. The first SiNPs were fabricated by taking

tip shapes and curvatures of the SiNPs are found to have
significant impact on the integrity and merging dynamics at the
probe/membrane interface'”*° and could provide a novel basis
to develop new cell manipulation functionalities. In view of
fulfilling the potential of SiNPs, an ab initio geometry control

advantage of the kinked growth of SiNWs during vapor— Received: December S, 2020
liquid—solid (VLS) process,'®'” with basically fixed turning Revised:  March 10, 2021
angle of 60° determined by the crystallographic orientation in Published: March 17, 2021

c-Si lattice. As the kinked SiNWs (SiNPs) are usually grown as
random vertical bundles, they have to be broken, selectively
transferred, and connected via costly and low-yield procedures,
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Figure 1. Free-standing Si nanoprobes (SiNPs) for intracellular
electrical signal detection. (a) Transformation of straight Si nanowires
(SiNWs) into bending SiNPs, as accomplished here by planar growth
of SINWs and shown in the photo and scanning electron microscopy
(SEM) images shown in the right panels. (b) The use of SiNP to
record the electric signal variation in cells. (c) Ab initio design of the
SiNPs with different angles and tip shapes. (d) Batch fabrication
procedure of orderly SiNP array via planar guided growth of SINWs
along predesigned guiding edges, which include first a H, plasma
treatment of the indium (In) pads, transforming them into discrete
droplets, followed by the coating of amorphous Si (a-Si) layer as
precursor. After annealing growth at higher temperature, the remnant
a-Si layer was selectively etched off, leaving the structure as seen in the
SEM image shown in the rightmost panel. Scale bars in (a) and inset
are 10 ym and in (d) is 100 pm.

SiNPs is also the key to promote this new nanoprobe
technology and its widespread practical applications.

In this work, we demonstrate a highly programmable growth
shaping and assembly of functional SiNP tips, based on an in-
plane solid—liquid—solid (IPSLS) mechanism established in
our previous works,”' ~*> which enables a scalable manufactur-
ing of orderly SiNP array without the use of any high-precision
EBL technology. Thanks to the preknown locations and
orientations, the as-grown SiNPs with preferred sharp turning
angles can be easily assembled and connected upon
maneuverable arms to serve as free-standing probes for local
field effect probing/sensing. A scalable fabrication and
assembling of the suspended and sophisticated SiNPs, as well
as their mechanical and electric properties as functional probes,
have never been demonstrated or investigated in our previous
works.

B RESULTS AND DISCUSSION

Growth Shaping of Si Nanoprobes. The fabrication
procedure is illustrated schematically in Figure 1d which
involves, first, the patterning of step edges by etching 150 nm
deep into the underlying wafer substrate precoated with 600
nm SiO, layer (Supporting Information (SI) Section 1.1),
followed by the evaporation of In catalyst pads at the ends of
the guiding steps via conventional lithography, thermal
evaporation, and lift-oft procedure. Then, after loading into a
plasma-enhanced chemical vapor deposition (PECVD) system,
a H, plasma treatment was applied to transform the In pads
into discrete droplets at ~250 °C. After that, the whole surface
was coated with an amorphous Si (a-Si) layer, deposited by
pure SiH, plasma at a lower substrate temperature 150 °C
(below the melting point of In). In the next step, the substrate
was heated to 350 °C to activate the molten In droplets to
absorb the a-Si layer to produce crystalline SiNWs. During this
IPSLS growth, the extra a-Si coated on the vertical sidewalls of
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Figure 2. Growth shaping of SiNW nanoprobes via step-edge guiding strategy. (a) Guided growth of a SINW probe with tip angle of 60° with
enlarged SEM views of the bending tip and the straight arm shown in (b) and (c). Scale bars in (a—c) are 10 gm, S00 nm, and SO0 nm,
respectively. (d) Sharper SINW probe with tip angle of 30° and curvature radius of R, ~ 300 nm (see panel e); (f) wider probe with a tip angle of
120°. Scale bars in (d—f) are 2 ym, 200 nm, and 2 um, respectively. (g—i) Single-run growth shaping of multiplex (double in (g) and quadruple in
(h)) and round in (i) probe tips. Scale bars in panels g—i are 2 ym. The inset in (h) displays the diameter variation sampled at the straight (red) or

bending (black) locations.
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the step edges can help to attract and direct the movement of
the leading In drolz)lets, and thus producing SiNWs along the
guiding edges.””***” Compared to the relatively short, straight,
and simple SiNW array grown in _our previous works to serve
as 1D channels for FET devices,>”*® the long SiNWs here are
purposely grown and tailored into specific probe shapes with
various preferable angles and sharp tips, as seen, for example, in
Figure 1, which is indispensable to enable and promote the
biofriendly high spatiotemporal resolution tool for physio-
logical investigation of neural and cardiac cells. Finally, the
remnant a-Si layer can be removed selectively by H, etching,
leaving only the crystalline SiNWs. More experimental details
and explanations of the guided growth mechanism are
provided in the Experimental Section or our previous
works.”* ™!

The typical SEM images of the as-grown SiNPs are
presented in Figure 2, where controlling the planar growth
of the SiNWs into tunable tip shapes and angles has been
accomplished by using different prepatterned guiding edge
designs. For example, the SiNPs with tip angles of @ = 30°, 60°,
and 120° are showcased in Figure 2a,d,f, respectively, which is
not constrained by the fixed twin angles (60° or 120°) for the
VLS grown SiNPs,'>'®'7%* enabling thus a critical new
dimension of control the SiNPs that has not been possible
before. More importantly, complex multiplex and round tips
can be manufactured via a single run growth of ultralong
SiNWs, as seen in the SEM images shown in Figure 2g—i. Note
that these advanced tip geometries that cannot be fabricated
via the kinked VLS growth'”® or brush-bending ap-
proaches'®"” might find advantageous applications in devel-
oping more sophisticated and advanced bioprobing, manipu-
lation, or synchronic multichannel sampling functionalities.

Close SEM scrutiny of the SiNPs reveals that the slim
SiNWs with typical diameter of D, ~ 150 nm and length L,
> 200 pm are grown out of the crossing edges of the In pad
and the guiding steps (Figure 2a). Only the SiNWs that get
trapped and directed by the guiding edges can travel a long
distance over the full contour of the nanoprobes, while the
other random SiNWs stretching out of the In pads are mostly
self-trapped and stopped at the nearby regions. As a
prerequisite to produce self-standing SiNPs, the planar growth
of SiNWs has to be continuous and stable, following the
guiding edge lines, which have been checked and confirmed at
several typical locations, such as at the straight arms and the
bending tips locations, as seen in Figure 2b,c, respectively.
According to the diameter samplings along a SINW grown over
a four-tip-probe profile, as seen in Figure 2h, this specific
SiNW has a mean diameter of ~140 + 9 nm and becomes
slightly thicker at the convex or concave turning locations.
Much thinner SiNWs with diameter down to <50 nm can also
be grown along the guiding edge, as seen, for example, in
Figure Sla,b, with the use of smaller In catalyst droplet and
proper parameter control over the a-Si layer thickness and step
height. Even without the use of elaborated EBL etching
technology, the radii of curvature (ROC) at the tips can be
scaled down to only R, ~ 300 nm at the concave tip (see
Figure 2e) with a predesigned bending angle of 30°, which is
much smaller than the typical size of the patch-clamp
micropipette (~1 um in diameter).”** In addition, the
ROC can be further reduced to only 200 nm (see Figure Slc)
when the intersect angle of the guiding edges is decreased to
20°. It has been know that a sharper SiNP tip offers a beneficial
quasi 1D contact to the cell membrane, causing a larger degree
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of local stretchlng/bendlng to trigger membrane fusion, as it
works to relax the tension,”® and providing a mild probe-cell
interface with the least invasiveness during cellular recording.
On the other hand, it is important to emphasize that this
delicate and programmable fabrication has been accomplished
by using only conventional high-throughput lithography with
spatial resolution of ~2 ym and inductive coupled plasma
(ICP) etching. Under the current experimental conditions, the
successful growth rate for having ultralong SiNWs lying along
the contours of the nanoprobe is ~90%, providing a solid basis
for achieving a scalable batch-manufacturing of designable
SiNPs with a novel high geometry control precision and at
extremely low cost.

Assembling Suspended SiNPs. The SiNP array grown
on the SiO,-coated wafer substrates were first connected by
Pt/Au metal electrode pads, made via photolithography,
evaporation, and lift-oft procedure, as depicted in Figure 3a.

a b
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Figure 3. Scalable assembly of free-standing SiNPs. (a,b) Electric
connection, SU8 coating, and transferring of the orderly SiNP array
with an optical image of the array presented in (c) and a close
examination in (d), revealing a suspended SiNP that extends ~16 ym
away from the SU8 holding edge. (ef) SEM images of the free-
standing SiNPs with tip angles of 60° and 30°, respectively. (g—j)
Photo images of the transferred SiNP array with different tip angle
and shape designs. Scale bar in (c) is 10 ym, in (d) and inset are 1
mm, in (ef) are 2 ym, and in (g—j) are 10 ym.

Then, a supportive SU8 framework of 20 ym thick was spin-
coated and patterned, covering the metal pads and holding the
SiNPs at the roots. A photograph of a 110 (10 X 11) array of
SiNPs, covered with SU8/metal pads, is shown in Figure 3d
with an enlarged view displayed in the bottom-right inset,
showing more details of the interconnected framework of the
SiNP units. After that, the SiNPs were released from the parent
substrate, by etching off the underlying SiO, layer, and
transferred to movable robot arms, as illustrated schematically
in Figure 3b. A typical photo image of the transferred and
suspended SiNP is presented in Figure 3¢, which extends ~16
um away from the SU8 holding edge. Note that the only
electric connection path between the two electrode pads is
through the upper SiNP tip, as the SiNWs grown along the
lower guiding edges are not connected because of the self-
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avoiding growth nature of the planar SiNWs.”"*® Moreover,

the multiplex probe array can also be grown in single run and
connected by five separate electrodes, as seen Figure S2, which
are the ideal multichannel detectors to monitor/trace the
distribution and propagation of intracellular signals, as
demonstrated already by Zhao and et al. in their previous
work."

The free-standing SiNPs can also be observed by using SEM,
as seen in Figure 3e,f, but where a thin layer of Au (nominally
20 nm, appearing as granules on the SiNWs) has to be
sputtered to disperse the surface charge accumulated on the
insulating SU8 holder surface. The SEM images confirm again
the very well-defined slim SiNP profile with a rather sharp tip
down to R,, ~ 300 nm, without the use of costly and
inefficient EBL lithography. Furthermore, thanks to the precise
location controls, SiNPs of different tip geometries can be
easily fabricated and assembled asa multiplex probe array, as
witnessed in Figure 3g—j, indicating a reliable and high yield
procedure that can accomplish a precise growth/assembling
control over huge dimension scales, spanning from nanometers
to millimeters.

Mechanical Stability and Resilience of SiNPs. As the
SiNPs are supposed to work as resilient tools to pierce the cell
membrane and probe the intracellular signals, the mechanical
properties of the suspended nanoprobes are of great concern
but seldom addressed in prior investigations. To test the
resilience and deformation, a free-standing SiNP with
suspended extension of Lyp = 16 um, as seen in Figure 4a,
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Figure 4. Mechanical property and resilience testing of suspended
SiNP. (a,b) SEM images of a SiNP prior and after normal pushing to
a displacement of Al, = 2 um, respectively. Scale bar is S um. (c)
Finite element simulation and stress profile of the SiNP under
pushing displacement to 2 ym, viewed at 45° tilted angle, while (d,e)
plot the calculated force—displacement response of the SiNP and the
stress distributions extracted along the lower side arm under different
pushing displacement.

was loaded into SEM chamber and pushed by a tungsten tip in
normal or x-direction. Under pushing to Al ~ 2 pum,
corresponding to 12.5% strain (Figure 4b), both the SiNW
arms demonstrate obvious buckling deformation to accom-
modate the imposed pushing force at the tip. When the
pushing retreated, the SiNP can still recover to its original
form. Meanwhile, the SiNP can also accommodate large side-
pushing to Al, > 3.5 um, as shown in Figure S3. Note that the
thin Au coating on the SINP sidewall, as tiny granular
decorations to improve SEM imaging, is not supposed to
modify significantly the mechanical property of the probe

structure (more discussion provided in SI Section 1.2). These
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observations highlight the excellent resilience and mechanical
stability of the SiNPs under significant pushing and
deformation. The structural deformation was further analyzed
by using finite element simulation toolkit COMSOL, which
can help to estimate the stress distribution along the SINW
arms under normal pushing or pulling strain, as shown in
Figure 4c and Figure S4, respectively. Under the enforced
pushing or pulling displacement, the SiINP behaves like a linear
spring, as plotted in Figure 4d, featuring a resilient coeflicient
of F = kL, with k = 9.1 N/m. The maximal stress appears,
extracted along the lower arm and presented in Figure 4e, at
the buckled region and the fixed ends, approaching to 3.5 GPa
under the maximal pushing displacement to Al, = 2 ym, which
is still within the fracture limit of 2—10 GPa for c-Si.*’
However, in reality both the two fixations of SiNP to the SU8
holder edge and the top contact to the membrane are relatively
soft, thus high fracture risk is mostly limited to the buckled
segment on the two arms. Nevertheless, as the typical force
required to pierce the plasma membrane (with a thickness of 6
nm) with a contact size of ~10* nm? is only in the range of
~107 N or nN,*” the SiNP that can exert safely normal stress
force > uN (Figure 4d) should be considered as stiff/sharp
enough to penetrate easily the lipid membrane (more
discussion is presented in SI Section 1.3).

Probe Connection, Manipulation, and Sensing Test-
ing. In order to testify the sensing functionality in liquid and
cell environment, a free-standing SiNP/metal/SU8 unit was
mounted onto a piece of c-Si strip holder 0.6 cm X 6 cm as
shown in Figure Sa,b, which was cut out of Si wafer precoated
with 600 nm SiO, on both sides and connected to the probe
via an insulated polyethylene terephthalate (PET) tape.
Enlarged views of the assembled probe and the suspended
SiNW tip structures are provided in Figure Sc,d, respectively.
Electric connection to the metal pads on the SU8 holder was
realized by using silver paste and soft Au thread, and after
fixing the whole structure on a movable stage (see Figure 5f),
the electric signals were connected to and measured by a high
precision Keithley 2636B source-monitor unit (SMU, U.S.A.).
Figure SS presents the current versus voltage (IV) character-
istics for 12 different SiNP devices in dry environment,
showing a mean resistance of 31.6 + 6.7 MQ. After coating the
SiNP with 30 nm Al,Oj; layer, the field effect sensing was first
tested by approaching and penetrating the SiNP into separated
tiny droplets with different pH values. As shown in Figure Se,
the SiNP channel current jumps quickly, by more than 300%,
upon touching the liquid droplet surface and then experiences
a slow decay prior to arriving at a stable response stage. After
retreating the SiNP from liquid droplet, the channel current
resumes quickly back to its original state. In general, higher pH
values lead to higher channel current, indicating a field effect
gating or sensing of the SiNP channel. This is also consistent
with the expectation that the IPSLS SiNWs are slightly p-type
due to the incorporation of In catalyst atoms.”””” High
concentration of OH™ is supposed to boost the conductivity of
the p-type SINW channel, as observed indeed in the SINW
FET devices. In addition, the SINP was also manipulated to
penetrate living mesenchymal stem cells, see Figure Sg, with an
aim to test the mechanical stability of the SiNP during their
interaction with more complicated nanoscale objects. As we
can see, the sharp SiNP can be precisely maneuvered over the
cell, approach the targeted cell, and touch down to pierce into
the cells, although the distortions of the cell membrane are
rather difficult to resolve as they look basically transparent
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Figure 5. Fabrication, manipulation, and mechanical characterization of the free-standing probe. (a—c) The assembling of the free-standing probe
by striplike silicon substrate connected by an insulated PET tape. (d) The optical image of the fabricated free-standing probe. (e) The sensor
properties of the fabricated SINW-FET probe in pH solution. (f,g) The free-standing probe was mounted on an XYZ micromanipulator and
targeted to the elected stem cell. Scale bar in (c) is 200 pm, in (d), (g), and inset are 20 um.

under the optical microscopy. More discussions about the cell
viability after SINP puncturing and the potential use of
multiplex SiNPs are provided in SI Sections 1.4 and 1.5,
respectively. Although action potential and intracellular signal
recordings could not be accomplished in our lab at this
moment, mainly due to the lack of key specialized experimental
setups and reliable/convenient cell culturing environments, the
key capabilities demonstrated here, such as ab initio designing,
precise batch-manufacturing, and assembling of the tailored
SiNWs to serve as self-suspended nanoprobes and approach/
touch the miniature targets, provide a solid basis for future
more systematic and comprehensive intracellular and neural
system investigations, as demonstrated already with the use of
kinked and bent Si nanoprobes.'”'>"

B CONCLUSION

In summary, a scalable and programmable growth-shaping
manufacturing and assembly of self-standing SiNPs have been
demonstrated which enables a novel ab initio control of tip
geometry with curvature radii ~300 nm, tunable angles of 30°,
60° to 120° and designable triangle or circular shapes. Orderly
single, double, and quadruple multiplex SiNPs can be reliably
grown at prescribed locations, connected and transferred onto
movable arms with large free-standing extension of 4—20 pum.
Mechanical resilience and field-effect sensing functionality of
the SiNPs were examined in straightforward pushing test and
verified in liquid droplet and cell environments, respectively.
These results have the potential to enable a wide range of new
intracellular sensing, monitoring, and editing applications.

B EXPERIMENTAL SECTION

Growth of SiNW by IPSLS. The SiNWs were grown upon
SiO,-coated Si wafers substrates via an IPSLS growth
mechanism. Briefly, guiding step edges with predesigned
probe geometry were first defined by photolithography and
etched into the SiO, layer by using inductively coupled plasma
to a depth of 90—150 nm. In stripes of 30 nm thick were
deposited by thermal evaporation and lift-off procedure at the
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starting ends of guiding edges. Next, a hydrogenated
amorphous Si (a-Si) thin film is deposited upon a substrate
surface to serve as the precursor layer, which is absorbed by In
catalyst droplets to produce crystalline SINWs. Then samples
were loaded into a PECVD system and treated with a H,
plasma at 250 °C for S min with gas flow rate and chamber
pressure of 15 sccm and 140 Pa, respectively. The substrate
temperature was decreased to 150 °C, and the a-Si thin film
was deposited below the melting point of the In catalyst with 5
sccm pure SiH, plasma with 20 Pa pressure for 7 min. The
substrate temperature was raised to 350 °C and kept in
vacuum for 60 min; the In droplets started to grow by
converting the a-Si layer into crystalline SINWs. At the end of
the SINW growth, the remnant a-Si layer was selectively etched
off by using H, plasma at around 120 °C.

Nanoprobe Fabrication and Measurement. Platinum/
gold (5/55 nm) contacts were fabricated by ultraviolet
lithography and followed by magnetron sputtering and lift-off
process. Before sputtering, the SiNWs were treated by
hydrofluoric acid (4%) for 20 s to remove the oxide layer.
The electrodes were covered with an upper SU-8 layer by
lithography and baked under 135 °C for 2 h. Subsequently, the
samples were treated in hydrofluoric acid solution (4%) to
release the probe by etching under the SiO, layer, followed by
critical point drying. The probes supported by SU-8 were
transferred onto a target substrate and then passivated by
AL O, layer (30 nm) by atomic layer deposition to construct
the SINW FET. The silver paste was used to connect the Au
electrode and detected circuit. Scanning electron microscope
(SEM, Zeiss Sigma) and optical microscope were used to
characterize key steps in the SINW growth and probe
fabrication flow. For electrical characterization, one arm of
the SINW-FET was considered as the source, and the other
arm was considered as the drain. Electrical transport studies in
phosphate buffered saline with various pH value (6.5, 7.0, and
7.5) were carried out using a Source-Meter to characterize the
sensor properties at a constant voltage (1 V).

Mechanical Testing and Finite Element Simulation. A
metal tungsten probe with the tip radius of ~150 nm was
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mounted on the manipulator installed within the SEM
chamber, which then was used to contact and push the SiNP
tip in normal direction or from its sidewall. The deformations
of the SiNP under different tungsten-tip-imposed strains were
captured in real time by SEM observation. The finite element
simulation of the free-standing SiNP, as shown in Figure 4c
and Figure S4, were carried out by using COMSOL simulation
toolkits. The geometry dimensions (such as diameter, arm
length, curvature) were extracted from the SEM observation
shown in Figure 4a, while the material of the SiNW was
assumed to be anisotropic c-Si with Young’s modulus of 160
GP, Poisson’s ratio of 0.22, and density of 2329 kg/ m>.
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